1. Introduction
===============

Fluorescent assays are widely used across the life sciences. Fluorescent assay readout can be carried out by a variety of devices. Most commonly, a microplate reader is used where a number of wells (frequently 96) filled with the assay solution can be examined at once \[[@B1-sensors-15-11653],[@B2-sensors-15-11653]\]. In most cases, assay readout requires professional research laboratory equipment. There is a need to develop easy to use, portable and affordable systems for assay readout as these are preferred for point-of-care applications.

Trypsin and collagenase are clinically relevant biomarkers found in high concentration in many relevant diseases. Plasma levels of trypsin rise to almost 30 times the physiological level in patients with acute pancreatitis \[[@B3-sensors-15-11653]\]. Elevated levels of trypsin are also associated with associated with cystic fibrosis and haemorrhagic shock \[[@B4-sensors-15-11653],[@B5-sensors-15-11653]\]. Collagenase expression increases in rheumatoid arthritis and traumatic injuries \[[@B6-sensors-15-11653]\] and its concentration can be used as a marker for the degree of synovial inflammation. The elevated levels of collagenase in chronic inflammation lead to the degradation of cellular matrix resulting in impaired joint function \[[@B7-sensors-15-11653]\].

Commercial assays to detect collagenase and trypsin typically use a sandwich immunoassay approach with two antibodies to analyse the amount of collagenase or trypsin in samples. Radio-immunoassays have also been used to detect serum trypsin level \[[@B8-sensors-15-11653],[@B9-sensors-15-11653]\], however, fluorescent reporters are much safer and more convenient to use especially in point-of-care situations. In this study we used commercial assays for trypsin and collagenase with a very common fluorescein isothiocyanate (FITC) dye as a reporter. This dye has excellent fluorescence quantum yield, good water solubility, and it reacts with amino groups of most proteins. It is commonly applied in a variety of assays, including for FITC-casein \[[@B10-sensors-15-11653]\], fibrinogen \[[@B11-sensors-15-11653],[@B12-sensors-15-11653]\], Ca^2+^-ATPase \[[@B13-sensors-15-11653]\], NO \[[@B14-sensors-15-11653]\], C-reactive protein \[[@B15-sensors-15-11653]\], and many other biomolecules.

Consumer electronics, such as cell phones, smartphones, and flatbed scanners, are widely recognised for their wide-ranging capacity to be reconfigured for a variety of purposes, such as advanced positioning, metal detection, measurement of vital functions, and, more recently, fluorimetry and biochemical analysis \[[@B16-sensors-15-11653],[@B17-sensors-15-11653]\]. Ozcan and his team pioneered the use of smartphone-based devices for biomedical applications, including imaging water-borne pathogens and viruses \[[@B18-sensors-15-11653],[@B19-sensors-15-11653]\], dark field imaging of these pathogens and white-blood cells \[[@B20-sensors-15-11653]\] and blood testing devices \[[@B21-sensors-15-11653]\]; some of these have been recently reviewed in \[[@B22-sensors-15-11653]\]. Other authors have been developing systems for fluorescent detection of human cells and pathogens, as well as molecular analytes, such as proteins and nucleic acids \[[@B23-sensors-15-11653]\]. A smartphone-based device with a microfluidics accessory has been recently applied for rapid immunoassay diagnostics in genuine point-of-care settings \[[@B24-sensors-15-11653]\]. Multiplex detection of pathogen DNA, extracted from patient samples, following an amplification step, has also been demonstrated \[[@B25-sensors-15-11653]\]. All of them, however, are based on an additional unit that is attached to the phone, usually with specialised optics and excitation sources \[[@B18-sensors-15-11653],[@B19-sensors-15-11653],[@B20-sensors-15-11653],[@B21-sensors-15-11653],[@B26-sensors-15-11653],[@B27-sensors-15-11653]\].

In this paper, we describe a cell phone-based portable bioassay platform with a minimal number of commonly available components, and its application to selected medically relevant fluorescent assays. The system uses a screen from a commercial tablet as an excitation light source, linear polarisers that separate the excitation light from the fluorescence signal being readout, a smartphone as a camera that takes still pictures of an assay well, and a black box protecting the assay against ambient light. Specialised software is not required and setting up the standard commercial tablet and smart phone is very straightforward. The assay readout is simply carried out by taking an image of the assay well. After image acquisition, the pictures are post processed to quantify the result. The picture is cropped to select the assay area, an appropriate RGB colour channel is selected, in this case, green, matching the characteristics of the assay reporter dye, fluorescein. Finally, adaptive filtering \[[@B28-sensors-15-11653]\] is applied to the assay image and the mean pixel intensity is calculated. In order to assess system's performance and sensitivity, two kinds of assays for the detection of trypsin and collagenase were performed of this smart phone-based device, and on a commercial fluorimeter, as a benchmark.

2. Experimental Section
=======================

We first present the overview of our hardware setup. The device used to perform the measurements was constructed as shown in [Figure 1](#sensors-15-11653-f001){ref-type="fig"}a. The well slide with assay samples were placed on the surface of the tablet screen. The excitation source was a bright single square, 13 mm in size (165 pixels), generated on an otherwise black tablet screen. This square was blue with an RGB value of (0;0;255) matching the excitation spectrum of fluorescein shown in [Figure 1](#sensors-15-11653-f001){ref-type="fig"}b, where we also display typical spectra of RGB colours. The square was slightly larger than the assay well and it was entirely covered with a polarizer. The tablet screen used here emitted linearly polarised light and the polariser was aligned perpendicularly in relation to tablet screen polarization. The tablet, assay well, and polariser were placed inside of a box with an opening for the camera; this box shielded the detection system from ambient light. The phone was placed on the top, to be able to capture images from an appropriate distance (in our case 7 cm).

![(**a**) Schematic diagram of the device cross-section; (**b**) Excitation and emission spectra of fluorescein in comparison to a typical RGB colour range.](sensors-15-11653-g001){#sensors-15-11653-f001}

The tablet used in our device was an Asus Nexus 7 (2013) with full HD (1200 × 1920) resolution and an IPS-LCD screen. Its brightness was set to 100%, producing 583 cd/m^2^ for white colour \[[@B29-sensors-15-11653]\]. The tablet displaying blue colour was examined separately using a spectrophotometer, which confirmed light emission within the 400--500 nm range overlapping with the fluorescein excitation spectrum.

We now discuss the required characteristics of the cell phone. In this work, the HTC EVO 3D (X515) cell phone was used to capture assay images with its built-in camera. In order for these images to be in-focus, the height of the box needed to be adjusted, but also the camera settings needed to be controlled by the user to a sufficient degree. In particular, the settings for the ISO value and the white balance needed to be chosen manually. To determine the best white balance option, an experiment was conducted, where a green square (0;255;0 in the RGB colour model) was displayed on the tablet screen and images were taken with different settings. The best combination of settings was chosen to be the one with the highest green pixel value and minimal red and green pixel values. The optimised phone camera and tablet settings are listed in [Table 1](#sensors-15-11653-t001){ref-type="table"}.
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Tablet and phone settings.

  Phone Camera Settings   Tablet Settings                   
  ----------------------- ----------------- --------------- ----------------
  ISO                     800               Square side     165 px (13 mm)
  White balance           daylight          Square colour   255 Green
  Image resolution        5 Mpx             Brightness      100%
  Flash                   off                               
  Automatic correction    off                               
  Automatic sharpening    off                               

A polariser is an essential part of our device. The polarizer used for this work was a Moxtek PFU04C wire grid polarizer, with size 12.5 mm × 12.5 mm. This wire grid polariser is characterised by high contrast, large acceptance angle, and broadband performance. Due to this construction it has excellent durability and long lifetime, and its crossed transmittance is low (0% ± 0.5%). The polarizer was placed on the top of the well with the sample, to prevent blue excitation light from interfering with the readout carried out in the green channel. Since the tablet screen is already polarized, only one polarizer was used in this instance. In order to verify the effectiveness of this polariser in blocking the excitation light, the following experiment was conducted: The blue square on the tablet screen was covered with the polarizer at 90 degrees, relative to the direction of screen polarisation. Further, an image was taken and the signal in the green readout channel was measured. In this case, we registered the mean green pixel value of 7, which was comparable to the background noise value of 4. The tablet transmittance thus obtained was less than 2%, which means that the polariser was indeed effective to block excitation light.

Accurate quantification of the assay signal, especially at low analyte levels, requires image processing, which was performed in the following way: The area of analysis (AOA) was determined from the original image. The AOA used here was a 200 px × 220 px rectangle, cropped from the signal part of the image ([Figure 2](#sensors-15-11653-f002){ref-type="fig"}a). Subsequently, the resulting image was split into 3 colour channels----red, green and blue. Since the signal emission for fluorescein is green, and it should not contain any blue colour, the green channel is selected for further analysis (see [Figure 2](#sensors-15-11653-f002){ref-type="fig"}b) where the intensity of green channel is shown as a grayscale image). In the next step, adaptive filtering \[[@B28-sensors-15-11653]\] was used to improve image quality and reduce noise ([Figure 2](#sensors-15-11653-f002){ref-type="fig"}c). The Wiener filter used here estimates the local mean and variance around each pixel, as follows: $$\mu = \frac{1}{NM}{\sum\limits_{n_{1},n_{2} \in \eta}{a\left( {n_{1},n_{2}} \right)}}$$ and: $$\sigma^{2} = \frac{1}{NM}{\sum\limits_{n_{1},n_{2} \in \eta}{a^{2}\left( {n_{1},n_{2}} \right)}} - \mu^{2}$$ where η is the *N*-by-*M* local neighbourhood of each pixel in the image A. The Wiener filter then creates pixelwise estimates: $$b\left( {n_{1},n_{2}} \right) = \mu + \frac{\sigma^{2} - v^{2}}{\sigma^{2}}\left( {a\left( {n_{1},n_{2}} \right) - \mu} \right)$$ where $v^{2}$ is the noise variance. If the noise variance is not given, the Wiener filter uses the average of all the local estimated variances. [Figure 2](#sensors-15-11653-f002){ref-type="fig"}d shows a typical AOA pixel intensity after Wiener filtering. The results were considered reliable when approximately uniform intensity distribution across the whole AOA was observed without noticeable peaks.

The assay readings were produced in the following way. As indicated earlier, green pixel values were used in these calculations. The average pixel intensity and standard deviation values were calculated from the assay AOA after adaptive filtering. We then established the background by imaging the assay well, filled with buffer only, without any fluorescent substances. The background was calculated from the respective AOA, also after adaptive filtering. The assay signal is the average pixel intensity of the assay AOA minus the average pixel intensity of the background AOA. The SNR was calculated for each measurement as an average pixel intensity of the filtered AOA with subtracted background noise and divided by the standard deviation of pixel values in the filtered AOA. The low detection limit was considered to be achieved when the SNR signal to noise ratio (SNR) had the value of 3.

The samples for the analysis were prepared as follows. We used the Pierce fluorescent protease assay kit (catalogue \#23266, Thermo Scientific, Inc. Hudson, NH, USA) and type 1 collagenase assay kit (B-Bridge International, Inc., Cupertino, CA, USA, catalogue \#AK07) and collagenase from *Clostridium histolyticum* (Sigma-Aldrich, St. Louis, MO, USA, Sigma Prod. No. C0130). For the trypsin assay, trypsin solution with different concentrations was mixed with FTC-Casein solution, followed by incubation at room temperature for 60 min. For the collagenase assay, collagenase enzyme crude from *Clostridium histolyticum* (Sigma Aldrich) was prepared at different concentrations (60, 40, 20, 10, 5, 2.5, 1.25) µg/mL in TESCA buffer (50 mM TES, 0.36 mM calcium chloride, pH 7.4 at 37 °C). The type 1 collagenase assay kit (B-Bridge international, Inc. USA) was used to detect collagenase concentration in prepared solutions.

In order to prepare the substrate solution for the enzymatic reaction, 1 mL of fluorescent-labelled collagen and buffer A (supplied in collagenase kit) were mixed and kept on ice until needed. One hundred microlitres of substrate solution and collagenase enzyme solutions with different concentrations were added into a microtube and mixed thoroughly. Samples were then incubated at 35 °C for 2 h. Six hundred microlitres of cooled buffer B (supplied with the collagenase kit) was added to each tube and kept in ice for 15 min. All tubes were centrifuged at 10,000 rpm for 10 min. The fluorescence was measured from the supernatant. We emphasise that the fluorescent reporter used in both examined assays was fluorescein, as indicated previously, with an excitation maximum at 494 nm and emission maximum at 521 nm.

![Image processing steps. (**a**) Initial image with the AOA rectangle highlighted; (**b**) Green channel image (in grayscale) and a representative cross-section of screen intensity presenting noise amplitude; (**c**) Image filtered with adaptive Wiener filter and a representative cross-section of intensity presenting noise amplitude; (**d**) Pixel intensity map of the AOA after adaptive filtering.](sensors-15-11653-g002){#sensors-15-11653-f002}

In order to perform measurements using the smart phone system, solutions of trypsin and collagenase assays were added into 8 well chamber slides (BD Biosciences). Each well was a cube with a 9-mm size. Two hundred and fifty microlitres of solution were placed in each well and this yielded 1.4 mm of the sample height. The assay workflow is illustrated in [Figure 3](#sensors-15-11653-f003){ref-type="fig"}. Each sample was imaged 3 times and each photograph was processed 3 times using a different AOA each time. These measurements that were used to calculate the final mean value for the sample and its uncertainty. For comparison, fluorescence emission from the same solutions were also measured at the excitation wavelength of 480 nm by using a CARY Eclipse fluorimeter (Agilent Technologies, Santa Clara, CA, USA).

![The assay workflow.](sensors-15-11653-g003){#sensors-15-11653-f003}

3. Results
==========

Several sets of samples were carefully prepared and examined using the device described here, and with a specialized fluorimeter. The results for trypsin and collagenase are presented in [Figure 4](#sensors-15-11653-f004){ref-type="fig"}. [Figure 4](#sensors-15-11653-f004){ref-type="fig"}a shows the results of trypsin assay measured on our smartphone system, while [Figure 4](#sensors-15-11653-f004){ref-type="fig"}b shows the same trypsin assay samples examined by standard fluorimetry. Another sample set with lower concentrations of trypsin was examined in order to determine the low detection limit; these results are presented in [Figure 4](#sensors-15-11653-f004){ref-type="fig"}c. Error bars in this figure are the same as in [Figure 4](#sensors-15-11653-f004){ref-type="fig"}a, but they appear larger than in [Figure 4](#sensors-15-11653-f004){ref-type="fig"}a due to a different scale on the vertical axis. [Figure 4](#sensors-15-11653-f004){ref-type="fig"}d shows the results for the same low trypsin density sample characterised by standard fluorimetry.

![Assay signal as a function of analyte concentration for trypsin and collagenase assays. (**a**) Trypsin assay with smartphone device; (**b**) Trypsin assay with Cary Eclipse readout with photomultiplier detector voltage option set to 'Low'. Uncertainty of each data point is 0.1; (**c**) Trypsin assay with smartphone device at low concentrations; (**d**) Trypsin assay at low concentrations with Cary Eclipse readout with photomultiplier detector voltage option set to 'Medium'. Uncertainty of each data point is 2.7; (**e**) Collagenase assay with smartphone device; (**f**) Collagenase assay with Cary Eclipse readout with photomultiplier detector voltage option set to 'Low'. Uncertainty of each data point is 1.1.](sensors-15-11653-g004){#sensors-15-11653-f004}

4. Discussion
=============

[Figure 4](#sensors-15-11653-f004){ref-type="fig"}c presents results obtained using our smartphone device for low trypsin concentrations. From these data we obtain that the lowest measured concentration is below 3.72 ng/mL and the total quantity of detected trypsin was 930 pg within a 250 µL sample. This value is comparable to the low detection limit of 400 pg for the commercial assay obtained in a microplate reader. Thus, the presented device has been able to measure low concentrations of trypsin in combination with fluorescein as a fluorescent reporter.

The examination of trypsin level in blood is a standard procedure for newborns, because increased trypsin level may indicate cystic fibrosis \[[@B30-sensors-15-11653],[@B31-sensors-15-11653]\]. Typical level of trypsin for a healthy child below one year of age is below 200 µg/L \[[@B30-sensors-15-11653]\], while a trypsin level in a range of 200--1000 µg/L is an indication to carry out additional tests. The detection range of interest for cystic fibrosis application is, therefore, between 200 ng/mL and 1800 ng/mL \[[@B30-sensors-15-11653]\]. With our low detection limit of 3.72 ng/mL the smartphone device is over 50 times more sensitive than what is required for the detection of cystic fibrosis.

By using our device we have also been able to achieve the low detection limit for collagenase of 3.75 µg/mL, which is 0.9375 µg in total in sample. The clinically relevant concentration range of collagenase in synovial fluid is between 1.6--11.7 µg/mL in patients with rheumatoid arthritis and patients with different grades of joint inflammation \[[@B32-sensors-15-11653],[@B33-sensors-15-11653]\], hence, our measured concentration of 3.75 µg/mL is within the range of clinically relevant values.

We emphasise that the device presented here is largely technology platform-independent, making it suitable for a range of resource-poor settings. Alternative cell phone models with a camera can also be used in this device, as long as that camera can be prevented from making automatic adjustments of the relevant settings. For example Apple iPhones and Android devices (e.g., Samsung Galaxy series) are suitable replacements. Other types of mobile devices can also be used in this application as the light source, for example Apple iPads, Samsung Galaxy Tab family, or even various models of cell phones. The key parameters determining their suitability are screen brightness, colour projection (gamut) and polarization of the screen. Many commercial devices are compared in relation to these parameters on specialized Internet websites \[[@B29-sensors-15-11653],[@B34-sensors-15-11653]\]. In alternative devices with different screen resolution or screen size, the size of the excitation square should be adjusted. The screens in some mobile devices (such as iPads) produce light polarized at a 45-degree angle, so the polarizer needs to be set properly for the excitation light to be fully extinguished. If the screen is not polarized, or insufficiently polarized, then two polarizers should be used.

We also emphasise that the system described here will tolerate various modifications (e.g., excitation light wavelength, readout channel) without affecting core functionality, and it can be can adapted to become universally applicable fluorescence detection device. Due to this flexibility, the device will also be able to be used with alternative fluorescent assays and other fluorophores.

With increasing availability and wide adoption of smartphone technology, including in the developing world, come increasing opportunities for their application in biomedical diagnostics, with multiple authors reporting being able to use smartphone-based systems for medically relevant assays \[[@B16-sensors-15-11653],[@B17-sensors-15-11653],[@B24-sensors-15-11653],[@B25-sensors-15-11653],[@B35-sensors-15-11653]\]. However, in many cases, this requires fairly complex technologies in addition to a phone. One of the limitations is the sample preparation procedure required for specific assays, which usually is managed by a specialised add-on "dongle" \[[@B17-sensors-15-11653],[@B24-sensors-15-11653]\] of which complexity depends on the assay reporting scheme. For example, in Reference \[[@B24-sensors-15-11653]\], a silver enhancement step, following binding of gold-labelled antibodies, required complex fluidics. The complexity of fluidics grows with multiplex requirements, especially if an analyte amplification step is required \[[@B17-sensors-15-11653]\]. The readout itself is typically carried out by a combination of standard optical components, such as excitation lasers, filters, and lenses \[[@B25-sensors-15-11653]\], or optical filters and optical gratings \[[@B16-sensors-15-11653]\] with the phone camera only performing the function of a detection device. References \[[@B16-sensors-15-11653],[@B35-sensors-15-11653]\] exploit aspects of imaging, and Reference \[[@B35-sensors-15-11653]\] additionally uses screen illumination for colorimetric readout and RGB channels for limited multiplexing. In this context, the presented system for fluorescent assays sits at the lower end of the scale for complexity and cost. It uses the RGB channel split and a polariser instead of optical filters and a screen as the light source. Hence, in the present system, all required system engineering is contained in its software, which is freely available at no cost. A graphic-user interface driven application for our system with all the required functionality to carry out assays can be downloaded from the website [www.cnbp.org/smartphone_biosensing](www.cnbp.org/smartphone_biosensing).
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